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The hot Jupiter HD 217107 b was one of the first exoplanets detected using the radial
velocity (RV) method, originally reported in the literature in 1999. Today, precise
RVmeasurements of this system span more than 20 years, and there is clear evidence
for a longer-period companion, HD 217107 c. Interestingly, both the short-period
planet (푃b ∼ 7.13 d) and long-period planet (푃c ∼ 5059 d) have significantly eccen-
tric orbits (푒b ∼ 0.13 and 푒c ∼ 0.40). We present 42 additional RV measurements
of this system obtained with the MINERVA telescope array and carry out a joint
analysis with previously published RV measurements from four different facilities.
We confirm and refine the previously reported orbit of the long-period companion.
HD 217107 b is one of a relatively small number of hot Jupiters with an eccen-
tric orbit, opening up the possibility of detecting precession of the planetary orbit
due to General Relativistic effects and perturbations from other planets in the sys-
tem. In this case, the argument of periastron, 휔, is predicted to change at the level
of ∼0.8◦ century−1. Despite the long time baseline of our observations and the high
quality of the RV measurements, we are only able to constrain the precession to be
휔̇ < 65.9◦ century−1. We discuss the limitations of detecting the subtle effects of
precession in exoplanet orbits using RV data.
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1 INTRODUCTION
The announcement in 1995 of the first exoplanet detected using
the Radial Velocity (RV) technique, 51 Peg b (Mayor&Queloz
1995), marked the beginning of a period of rapid growth in
our knowledge of planets orbiting stars other than our Sun.
In the five years that followed the discovery of 51 Peg b, a
handful of additional planets were found - most of which were
more massive than Jupiter, but moved on surprisingly small
orbits, with periods of just a few days to a few weeks 1. These
unexpected short period planets soon became known as “hot
Jupiters". HD 217107 b was one of the first hot Jupiters dis-
covered, initially reported in Fischer, Marcy, Butler, Vogt, &
Apps (1999) as having a period of 푃 = 7.12 d and a minimum
mass of 푚 sin 푖 = 1.27MJ based on 21 RV measurements with
a typical precision of 6 m s−1, more than sufficient to reveal the
star’s large RV semi-amplitude of퐾 ∼ 140m s−1. Later obser-
vations by Naef et al. (2001); Vogt et al. (2005); Vogt, Marcy,
Butler, & Apps (2000); Wittenmyer, Endl, & Cochran (2007);
Wright et al. (2009) revealed the presence of a long-term RV
trend that emerged as the clear signal of an outer planet with
a period of more than 10 years. Feng et al. (2015) presented a
joint analysis of the existing RV data and determined a com-
plete orbit for HD 217107 c with a period of 푃 = 5189 ± 21 d
and 푚 sin 푖 = 4.153±0.017 MJ.
Today, RV observations of some of the first exoplanets
discovered span more than two decades. These long time base-
lines enable the search for not only outer companions with
orbits similar to that of Jupiter in our solar system, but also
subtle effects that may cause the orbits of the inner planets to
change over time. For example, in General Relativity (GR),
the orientation of the orbit of a planet will evolve in time as
the argument of periastron precesses. The orbital precession
of the planet Mercury in our own solar system is well known
and measured to be 56” year−1, of which 43” century−1 is
due to GR effects. As discussed by, among others, Miralda-
Escudé (2002), Kane, Horner, & von Braun (2012), and Jordán
& Bakos (2008), the gravitational quadrupole moment of the
star and an outer-perturbing planet can also cause precession,
but those effects are generally much smaller for the case of
an exoplanet. Figure 1 depicts the phenomenon. These pre-
cession effects are difficult to measure in exoplanet systems,
but may provide interesting tests of GR and models of stellar
structure, as well as clues to the existence of undetected outer
companions.
We present a joint analysis of 377 RV observations of the
HD 217107 system spanning 20.3 years. The 42 new measure-
ments presented here, obtained with the MINERVA telescope
array (Swift et al. 2015; Wilson et al. 2019), extend the total
1see http://exoplanets.org for chronology of discovery
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FIGURE 1 Argument of periastron, 휔, is defined as the angle
between the line-of-sight plane as viewed from Earth and the
planet’s point of periastron. In GR, planetary orbits are not nec-
essarily closed and 휔 can change over time. Over some period
of time, Δ푡, the orbit itself will rotate around the star by some
angle Δ휔; this yields 휔̇ = Δ휔∕Δ푡.
published observational time baseline by almost five years. We
confirm the existence of the outer companion, HD 217107 c,
and refine the orbital solutions for both components.Wemodel
the orbital precession of HD 217107 b and constrain it to be
휔̇ < 65.9◦century−1 (95% confidence), an upper limit two
orders of magnitude above the expected level of precession due
to GR effects.
2 STELLAR PARAMETERS
HD 217107 is a main-sequence star 20.3 pc away (휋 =
49.817 ± 0.057 mas; Gaia Collaboration et al. 2018) and is
similar in mass to our Sun. We used the SED fitting capa-
bilities within EXOFASTV2 (Eastman 2017) to estimate the
stellar properties of HD 217107 using the known distance
and broad-band photometry. We estimated the stellar mass to
be 1.09+0.065−0.071 M⊙, the radius to be 1.140+0.039−0.036 R⊙, the effec-tive temperature to be 5670+110−100 K, and the metallicity tobe [Fe∕H] = 0.415+0.067−0.072. The estimated surface gravity is
log 푔 = 4.362+0.041−0.048, indicating that HD 217107 is a somewhatevolved yellow subgiant star (Stassun, Collins, & Gaudi 2017;
Cubillos, Rojo, & Fortney 2011; Wittenmyer et al. 2007).
3 DATA SETS
We analyzed published RV data sets from the HIRES, Hamil-
ton, CORALIE, and Robert G. Tull Coudé spectrometers, in
addition to the newMINERVARVs presented here for the first
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time. We use 128 Keck-I RV measurements published in Feng
et al. (2015) and break the full data set into two parts corre-
sponding to before and after the HIRESCCDupgrade that took
place in 2004 (denoted as HIRES and HIRES2, respectively,
throughout this analysis). We use 121 measurements obtained
with the Hamilton spectrometer at Lick Observatory as pub-
lished in Wright et al. (2009), 23 RV measurements obtained
with the Robert G. Tull Coudé at McDonald Observatory as
published in Wittenmyer et al. (2007), and 63 RV measure-
ments obtained with the CORALIE instrument at Observatoire
de Haute-Provence as reported in Naef et al. (2001). The typi-
cal reported RV uncertainty on these measurements is between
2.5 and 7.5 m s−1. In all cases we converted the reported
times of observations, JDUTC or BJDUTC, to BJDTDB following
Eastman, Siverd, & Gaudi (2010) in order to facilitate direct
comparisons over a time span of two decades.
The MINERVA array is a set of four 0.7 m telescopes at the
Fred Lawrence Whipple Observatory in Arizona. MINERVA
observed HD 217107 between May 2016 and November 2018
and the derived RV measurements are reported in Table 1.
The MINERVA observatory, which is described in more detail
in Swift et al. (2015) and Wilson et al. (2019), has been
demonstrated to achieve an RV precision of 휎RV ∼ 2 m s−1
on bright RV standard stars. The four telescopes are fiber-
coupled to a KiwiSpec echelle spectrometer with a resolution
of 푅 ∼ 84,000 and a spectral coverage of approximately 500-
600 nm. Four spectra, one from each telescope, are recorded
simultaneously and the four derived RVs are combined. The
spectrometer is stabilized in terms of temperature and pressure
and uses an I2 absorption cell for calibration of the wavelength
solution and instrumental profile.
4 ORBITAL ANALYSIS
We carried out an analysis of the combined RV data set using
RadVel: The Radial Velocity Fitting Toolkit (Fulton, Petigura,
Blunt, & Sinukoff 2018). We fit for five Keplerian orbital
parameters for each planet: Period (푃 ), eccentricity (푒), argu-
ment of periastron (휔), time of inferior conjunction (푇conj), and
RV semi-amplitude (퐾). At the same time, we fit for an RV
offset (훾) between each facility (one offset for each of the two
parts of the HIRES data set), along with an additional RV “jit-
ter” term (휎) for each facility, and a long-term RV trend (훾̇).
We use the RadVel fitting basis that corresponds to fitting the
Keplerian orbital parameters directly.
RadVel is a Python package that fits for the Keplerian orbital
parameters through maximum a posteriori optimization and a
Markov Chain Monte Carlo (MCMC) approach to sampling
the posterior distributions of the parameters and estimating
confidence intervals. We place uniform priors, corresponding
TABLE 1 MINERVA RV Measurements
Time (BJDTDB) RV (m s−1) 휎RV (m s−1)
2457531.95052 148.95 5.67
2457532.94528 18.36 5.31
2457533.94540 -64.68 5.39
2457534.94600 -74.95 5.32
2457746.67498 44.62 5.75
2457749.65332 -6.48 5.60
2458013.79343 -2.62 6.39
2458014.79785 111.80 5.32
2458014.82302 117.47 5.34
2458018.66054 -86.83 6.06
2458018.89143 -86.63 7.34
2458019.73547 -81.30 6.42
2458020.88991 -30.12 7.87
2458023.71030 142.42 6.69
2458024.73673 -4.62 7.20
2458025.73526 -79.90 7.06
2458026.74815 -97.34 6.10
2458030.85046 127.45 6.49
2458033.67697 -91.08 5.95
2458037.67320 173.83 6.14
2458040.72114 -91.73 6.15
2458040.85717 -91.52 6.06
2458043.67616 139.18 6.42
2458045.72767 58.24 5.65
2458046.74262 -55.11 10.88
2458050.68397 132.03 6.41
2458052.70612 68.54 6.27
2458053.72147 -39.66 5.78
2458055.66905 -62.48 5.98
2458056.69235 15.60 5.81
2458060.67300 -41.74 8.16
2458063.66764 -5.03 5.95
2458081.62238 28.64 5.67
2458083.62211 -84.46 5.76
2458429.62483 162.07 5.55
2458430.62032 40.33 5.44
2458431.62414 -68.00 5.36
2458432.62643 -110.29 5.43
2458433.62326 -70.04 5.47
2458434.61911 12.17 6.02
2458435.59711 128.74 5.77
2458439.62649 -103.08 5.50
to physical bounds, or wide regions around previously pub-
lished parameters, on all parameters except eccentricity (see
Table 2). We do not specifically exclude scenarios where the
periastron distance of planet b is comparable to the radius of
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TABLE 2 Prior distributions used as input to Radvel MCMC
analysis. A prior of [푝1, 푝2] denotes a uniform bound between
푝1 and 푝2. A prior of N[휇, 휎] denotes a Gaussian prior centered
at 휇 with standard deviation 휎.
Parameter Prior Units
푃b [7.126746, 7.126946] days
푇conjb [2452889.51658, 2452896.64342] days
푒b N[0, 0.3]∪[0, 0.99] –
휔b [-휋, 휋] rad
퐾b [130.30, 150.30] m s−1
푃c [4650, 5450] d
푇conjc [2452411.38, 2457461.38] days
푒c N[0, 0.3]∪[0, 0.99] –
휔c [-휋, 휋] rad
퐾c [0, 500] m s−1
휎HIRES [0, 25] m s−1
휎HIRES2 [0, 25] m s−1
휎CORALIE [0, 25] m s−1
휎Hamilton [0, 25] m s−1
휎CES [0, 25] m s−1
휎MINERVA [0, 25] m s−1
the host star. Biases resulting from different priors when esti-
mating small values of eccentricity from noisy data have been
discussed in the literature (Gregory & Fischer 2010; Shen &
Turner 2008; Zakamska, Pan, & Ford 2011). We adopt the
Gaussian prior used in Tuomi & Jones (2012), which is an
approximation of the observed eccentricity distribution from
known exoplanets. Given that the eccentricities 푒b and 푒c are
relatively large, and that we have a considerable number of
RV measurements, we expect that the choice of eccentricity
prior has little impact on the estimated orbital solution.We find
consistent results in fits with the Gaussian prior and a simple
uniform prior on eccentricity.
The results of the RadVel fits are given in Table 3, and the
best-fit orbital solution and residuals are shown in Figure 2. In
Figure 3 we show a subset of the posterior distributions from
the MCMC analysis, demonstrating that the orbital parame-
ters are well-measured. The orbital parameters are consistent
with the most recent literature values from Feng et al. (2015),
though our analysis prefers a slightly shorter period for the
outer planet, 푃c = 5059+52−49 d, approximately 131 d less thanthe period reported in Feng et al. (2015). All other orbital
parameters are consistent with Feng et al. (2015) within the
reported uncertainties. We note that an overall RV trend, 훾̇ ∼
0.0025 m s−1, is detected at at the 2.5휎 level. This may be
evidence for an additional companion with a period longer
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FIGURE 2 HD 217107 orbital solution. Top: The full RV
time series, along with the best-fit model and RV residuals.
Different facilities are denoted by point color, andHIRES2 cor-
responds to the post-upgrade HIRES measurements. Middle
and Bottom: Phase-folded RV curves for HD 217107 b and
HD 217107 c. Large red points are averages in bins of phase.
than 20 years. However, we note that there is strong covari-
ance between 푃c, 퐾c, and 훾̇ , meaning that the long-term RV
trend may be an artefact of the relatively sparse time cover-
age of the long HD 217107 c orbit and the RV offsets between
facilities (HIRES2 to MINERVA - see Figures 2 and 3). We
considered a three-planet model and found a solution with a
third companion with low significance at Pd=12283±440 d,
Kd=13±13 m s−1 and 푒d=0.21±0.17. We note that this period
is longer than the duration of our RV data set, so any esti-
mate of the orbital parameters of this potential planet d are
highly degenerate with the RV offset, 훾MINERVA, for the MIN-
ERVA measurements relative to the HIRES, CORALIE, and
CES measurements.
Giovinazzi ET AL. 5
Pb = 7.126853+0.0000120.000012
0.1
14
0.1
20
0.1
26
0.1
32
0.1
38
e b
eb = 0.1272+0.00280.0028
13
8
13
9
14
0
14
1
14
2
K b
Kb = 140.02+0.410.41
49
50
51
00
52
50
P c
Pc = 5059.34+51.7849.02
0.3
6
0.3
8
0.4
0
0.4
2
0.4
4
e c
ec = 0.3991+0.01030.0103
44
48
52
56
K c
Kc = 49.85+1.491.39
0.0
00
81
0.0
00
84
0.0
00
87
0.0
00
90
Pb +7.126
0.0
07
5
0.0
05
0
0.0
02
5
0.0
00
0
0.0
02
5
0.1
14
0.1
20
0.1
26
0.1
32
0.1
38
eb
13
8
13
9
14
0
14
1
14
2
Kb
49
50
51
00
52
50
Pc
0.3
6
0.3
8
0.4
0
0.4
2
0.4
4
ec
44 48 52 56
Kc
0.0
07
5
0.0
05
0
0.0
02
5
0.0
00
0
0.0
02
5
 = 0.0024+0.00100.0009
FIGURE 3 Select sample of posterior distributions from our
RadVel MCMC analysis.
5 ORBITAL PRECESSION
In GR, the orbit of a planet is not necessarily closed as it is,
in the absence of other perturbers, in Newtonian gravity. This
results in a slow evolution of the argument of periastron of an
orbit. Famously, this effect was measured in the orbit of Mer-
cury in our own solar system as one of the first direct tests of
GR. The size of the GR effect is given as
휔̇GR =
7.78(
1 − 푒2
)푀∗M⊙
(
푎
0.05AU
푃
day
)−1 [
◦∕century
] (1)
In Table 4 we report the known exoplanets expected to exhibit
GR precession at the level of 10◦ century−1 or more.
Other effects can also lead to orbital precession, includ-
ing the quadrupole moment of the star and the influence of
massive, outer companions. Attempts at measuring the preces-
sion of an exoplanet orbit have been made (see, for example,
Figueira et al. 2016; Iorio 2011; Watanabe, Narita, & John-
son 2020). Figueira et al. (2016) used high-precision RV data
in an attempt to detect a predicted precession in HD 80606 b
of 휔̇ ∼ 0.06◦ century−1, but doing so with only RV measure-
ments proved difficult. Figueira et al. (2016) were only able to
place an upper limit of 휔̇ < 2.7±3.1◦ century−1. Transit obser-
vations, with their sharp features that can be precisely timed,
may provide a better opportunity for measuring orbital preces-
sion in exoplanet systems. For example, Blanchet, HÃľbrard,
& Larrouturou (2019) proposed that, given future transit data
TABLE 3 HD 217107 System Best-fit Orbital and Derived
Parameters. The Maximum Likelihood values are given for
each instrument’s RV “jitter” term since we define those to be
>0, and the posteriors are therefore non-Gaussian.We fit for an
RV offset between each instrument (breaking the HIRES data
into two instruments) but do not include those values in this
table.
Parameter Credible Interval Units
푃b 7.126853 ± 1.2푒 − 05 days
푇conjb 2452893.0794
+0.0067
−0.0066 days
푒b 0.1272 ± 0.0028 –
휔b 0.419 ± 0.023 rad
퐾b 140.02 ± 0.42 m s−1
푎b 0.0746+0.0015−0.0016 AU
푚b sin 푖b 1.394+0.057−0.059 MJ
푃c 5059.34+52.78−49.02 days
푇conjc 2454950
+24
−25 days
푒c 0.3991 ± 0.0103 –
휔c 3.572 ± 0.031 rad
퐾c 49.85+1.49−1.39 m s−1
푎c 5.94 ± 0.13 AU
푚c sin 푖c 4.09+0.23−0.224 MJ
훾̇ −0.00245+0.00099−0.00095 m s−1 day−1
Parameter Maximum Likelihood Units
휎HIRES 0.0 m s−1
휎HIRES2 0.3 m s−1
휎CORALIE 0.0 m s−1
휎Hamilton 13.0 m s−1
휎CES 4.6 m s−1
휎MINERVA 8.6 m s−1
from the James Webb Space Telescope (JWST), 휔̇ for HD
80606 b could be easily measured.
Given the long time baseline and high RV precision of our
observations, we attempted to measure 휔̇ for the HD 210107 b
orbit. We developed a code to directly incorporate 휔̇ into the
two-planet Keplerian orbit fits by including a time-dependent
term of the form 휔(푡) = 휔0 + 휔̇ ⋅ 푡. Starting from the best-
fit orbital parameters determined with RadVel, we refit the RV
data with the 휔̇ term using maximum a posteriori optimization
and an MCMC approach to explore the posterior distributions
of the parameters. In this case, we used the differential evo-
lution MCMC code within EXOFASTV2 (Eastman 2017) to
carry out the MCMC analysis. With our data, we find that we
are only able to rule out very large values of 휔̇ and with 95%
confidence constrain 휔̇ < 65.9◦ century−1. This is a factor of
∼80 greater than the predicted precession for the orbit of HD
217107 b, which is 0.81◦ century−1.
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To test the reliability of our code, and explore the quan-
tity and quality of RV data that would be required to measure
orbital precession in HD 217107 b, we generated synthetic
observations at the actual times of the observations of our RV
data set and differing levels of Gaussian noise. We included in
these synthetic data sets 휔̇ = 0.81◦ century−1 and attempted
to recover the known value of the precession of the periastron.
This question was considered by Jordán & Bakos (2008) who
estimated that 100 individual measurements having 1 m s−1
precision gathered over 20 years may be sufficient in some
cases to detect precession in massive, short-period planets
on eccentric orbits. We found that in the case of very low
noise (휎RV = 0.1 m s−1), our algorithm successfully recovers
the known 휔̇ to high accuracy given the 377 simulated mea-
surements over 20 years. However, for realistic measurement
precision, these simulations indicated that detecting precession
effects in exoplanet orbits with RV data alone is going to be
very challenging. For example, we found that 휎RV = 0.15ms−1
would be required to detect precession of 0.81◦ century−1 at
95% confidence in a data set identical in total duration and
cadence to our actual observations. At the level of precision
readily achievable with modern instruments, 2 m s−1, our sim-
ulations indicate that more than 50 years of once-per-week
observations would be required to detect the 0.81◦ century−1
precession.
In addition to GR effects, the influence of an outer compan-
ion may cause orbital precession of HD 217107 b. In our own
solar system, it is the effect of the other planets that are respon-
sible for the vast majority of Mercury’s precession. Jordán &
Bakos (2008) give an approximation for the effect of perturb-
ing bodies, 휔pert , to first order in eccentricity and lowest order
in the ratio of the semi-major axes of the two planets as follows.
휔̇pert ≈ 29.6
(
푃
day
)−1(푎b
푎c
)3(푀푐푀⊙
푀⊕푀∗
)
[◦∕century] (2)
Given that the ratio of the semi-major axes of the two
HD 217107 planets is so small ([푎b∕푎c]3 ∼ 2 × 10−6), the per-
turbing effect is expected to be substantially smaller than the
GR effect in the orbit of HD 217107 b. Planet c is expected
to induce a precession of 0.01◦ century−1, roughly 1% of the
GR component of 휔̇. Finally, effects related to star-planet tides
and the quadrupole moment of the star are also discussed in
Jordán & Bakos (2008) and are expected to be very small
for HD 217107 b. We note that precession effects, as well as
other dynamical effects related to the interaction of planets b
and c, may be more readily detectable through Transit Tim-
ing Variations (see, for example, Horner et al. 2020; Kane
et al. 2012). However, we are not aware of the detection of
any transits of the host star by planet b, and HD 217107 has
not been observed by the Transiting Exoplanet Survey Satel-
lite (TESS). HD 217107 was observed as part of the extended
Kepler mission K2. Observations spanning approximately two
weeks seemingly show no signs of a transit signal at the period
of HD 217107 b. Though the expected amplitude of the transit
is large,∼1%, theK2 light curve exhibits significant systematic
effects. If future photometry can confirm that there is no transit
signal, we could constrain the inclination of HD 217107 b to be
푖 < 86◦, but we are currently unable to rule out the possibility
that the system’s planets transit.
We investigated the long-term dynamical stability of the HD
217107 system within the angular momentum deficit frame-
work (AMD; Laskar & Petit 2017, Petit, Laskar, & Boué
2017, Petit, Laskar, & Boué 2018, Glaser, McMillan, Geller,
Thornton, & Giovinazzi 2020), which considers orbital over-
lap, meanmotion resonances (MMR), andHill instabilities. By
exploring the inclination parameter space of a co-planar two-
planet system, we found that the system is dynamically stable
on a timescale equivalent to the lifespan of HD 217107 for
inclinations 푖 > 23.7◦ with an AMD coefficient 훽AMD <1.
6 CONCLUSIONS
We present a joint analysis of RV measurements of the
HD 217107 planetary system spanning 20.3 years. In addi-
tion to measurements previously reported in the literature, we
include 42 new measurements obtained with the MINERVA
telescope array for a total of 377 RV measurements. We con-
firm the existence of a massive, long-period companion on an
eccentric orbit (HD 217107 c) and refine its orbital parame-
ters. Given that HD 217107 b has a short-period orbit with a
significant eccentricity, we consider the possibility of measur-
ing the precession of the argument of periastron, 휔̇, due to GR
and other effects. We find that with our current data we are
only able to constrain 휔̇ to < 65.9◦ century−1, a level approxi-
mately 80 times larger than the expected precession due to GR
effects alone. We find that our mean RV precision would need
to improve by approximately a factor of 40 to 휎RV < 0.2 m s−1
in order to expect to detect GR precession in the orbit of HD
217107 b at high significance. We note that there are nine
known exoplanet systems for which the inner planet’s GR pre-
cession is expected to be greater than 10◦ century−1 (see Table
4). While our simulations indicate that a data set similar to our
HD 217107 data set in terms of precision and extent is not quite
sufficient to detect GR precession, modest improvements in
overall RV precision could make this possible for the systems
in Table 4.
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TABLE 4 Known exoplanets expected to have 휔̇ >
10◦ century−1. These are planets that have been discovered via
Doppler spectroscopy or the transit method. Orbital period and
magnitude, in V or Kepler bands, are given, along with the
estimated 휔̇. Even though the predicted precessions are large,
some of these targets are faint enough that obtaining precise
RV measurements will be challenging.
Planet Magnitude Period [d] 휔̇ [◦/century]
KOI 13 b 9.96 Kepler 1.77 10.42
HATS 70 b 12.57 V 1.89 10.43
WASP 114 b 12.74 V 1.55 11.36
GJ 3138 b 10.98 V 1.22 11.42
HATS 67 b 13.65 V 1.61 11.52
Kepler 17 b 14.14 Kepler 1.49 11.72
HATS 52 b 13.67 V 1.37 13.46
KELT 1 b 10.70 V 1.22 17.10
WASP 19 b 12.59 V 0.79 27.16
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